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Abstract. 

We have calculated energy and economic balance for three sizes of 
ethanol-for-grain plants: 

1) Single-farm size (10,000 gallons a year) 

2) Farm-consortium size (250,000 gallons a year) 

3) Industrial size gaschol plant (2.5 million gallons a year).’ 

Energy results are based on actual measurements during operation. 
Economic balances are also based on empirical materials requirements, but 
prices for these requirements are treated generically (e.g., we use an 
average price of grain, even though at least one plant studied is currently © 
purchasing surplus seed grain at a low price). 

Use of energy (direct energy plus the “energy cost of energy") 
decreases with increasing plant size, varying between 89 thousand and 36 
thousand Btu per galion of ethanol. Inclusion of indirect energy does 
not reverse this conclusion. 

There are also some economies of size in money terms, but these are 
variously offset by the price advantage which farm level operations have 
both in acquiring grain and in utilizing feed residue. Further complications 
arise from labor costs which tend to be more flexible on small than on 


large plants. 


1. Rationale and. approach. 


A study of fuel alcohol production needs no general justification 
at this time. The magnitude of the energy problem, and especially of 
the investment needs that will have to be filled in the medium term 
of ten to twenty years ahead makes necessary that we know as much as 
possible about alternative paths of energy development. 

Burgeoning literature about alcehol fuels from biomass already 
contains huge amounts of information from a variety of sources. Owing 
to the short time during which fuel alcohol has been a serious alternative 
to other new or modified sources of liquid fuel im the United States, 
most studies to date reflect either industrial operations for which 
fuel alcohol is a component in a milti-product scheme or those where 
the technology was designed to produce beverage-grade aicohol, or else 
they draw on engineering blueprints and other “anticipation” material, 
None of these sources comes close to portraying what happens in a two- 
product (fuel and feed) industry operating in a variety of plant sizes 
ranging from single-farm stills to factory scale operations. The 
specifics of this study will be outlined to show its place in the 
broader framework of ongoing research. 

Gur study aims at limited but well defined objectives to he reached 
by observing, as closely as possible, three actually operating distill- 
eries at various size levels. Of necessity, the case material is as 
yet very limited and should be greatly enlarged as a research resources 
will permit. The following main points will be pursued: 

a) measurement of actual use of direct energy in, recently 
started distilleries, to establish empirically valid parameters for 
direct fuel consumption in grain alcchol production; 

b) applying the techniques cf energy analysis to establish 
parameters for energy used indirectly (both by the energy industries 
and by other input producing industries, including crop farming) for 
grain alcohol production; 

c) applying generally valid market prices to the bills of 
goods used in distilleries to obtain comparable cost estimates for 


grain alcohol production; 
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c) applying generally valid market prices to the bills of 
goods used in distilleries to obtain comparable cost estimates for grain 
alcohol production; 

d} comparison of the results under a) - c) to obtain inftorm- 
ation of comparable energy and dollar costs as these may be affected by 
economies or diseconomies of scale and size. 

The last part of the analysis should contribute to an advance judge- 
ment of the advantages and drawbacks of small-scale versus larger size 
production, and also give indications of the significance of capacity 
utilization. This will show some of the see es that may exist 
in developing alcohol distilleries as a decentralized industry, 
contributing to the economic strength and diversification of rural areas. 

do net overicosk the likelihood that fuel alcohel from grain may 
be a passing phase in fuel development, eventually to be overtaken by 
ether feedstocks. Maybe at length methanol from cellulase feedstocks 
will be preferred over ethane] from starchy ones. However that may 
turn out, ethanol from grain is what we have coming on now in substantial 
scope. Our pilot effort to collect empirical data about this line of 
development should prepare the way for an eventually more complete over- 
view of the total potentials for liquid fuels from biomass 

The following three case studies are based on actually operating 
distilleries, all of them inteded as prototypes for eventual production 
of numerous identical (or closely similar) establishments; for the first 
two, a number of duplicates are already in place or under construction. 
On each site, direct use of energy was established by reading of fuel 
gauges and electricity meters during periods when the distilleries 
were operating to capacity. Data were also obtained on quantities of 
feedstocks used and products obtained during the time pericds covered 
by the energy measurements. 

Some indirect energy was computed from the direct energy quantities 
{the so-called "energy cost of energy''}. We have not calculated all 
indirect energy, but have verified that the difference in indirect 
energy between the different operations is significantly less than the 


difference in direct energy. 
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For cost analysis, prices of feestock corn and feed byproducts were 
borrowed from current agricultural statistics (Agricultural Prices, USDA), 
various issues . Both sets of prices were differentiated according 
to size of distillery, in the ways explained in Appendix 2. Prices of 
enzymes and yeast are those charged by several commercial suppliers, 
those of natural gas and electricity were obtained from Tllinois Power 
Company in Champaign, Illinois, by telephone and relate to small in- 
dustrial customers, while the price of LP gas paid by farmers is cited 
from Agricultural Prices (USDA), Oct. 31, 1980. Labor on farm-level 
and farm-consortium distilleries was for the most part set at the 
Illinois Farm Business records current 
self-employed labor for 1980, at $7.50 per hour. {Information supplied 
by R.A. Hinton}. For the industrial gaschol distillery, labor costs 
were computed from data published by the Bureau of Labor Statistics. 

Cost of capital was obtained from suppliers of whole distilleries 
and checked in part from price quotations of various suppliers of parts. 
Cost of interest on fixed capital was computed, assuming stable value 
of money, as shown in Appendix 2. 

In the cost analyses, no attempt was made to explore the actual costs 
in the plants studied. affected as those are by incidentals. Rather, 
we wanted to establish normai costs, independent of whet individual 
ingenuity or hazards might accomplish in a few cases. 

2, A single-farm distillery: 10,000 to 15,000 gallons a year. 


CER SENSES REO 


The distillery investigated in this category has three tanks each 
equipped for the complete process of cooking, enzyme treatment and 

fermentation, and a single distillation column serving 411 three tanks. 
The cooking - fermentation cycle takes up to 72 hours, distillation 7-8 


hours. Thus, distillation could be all in daytime, assumi 
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are working on suitably staggered schedules. 


Cooking, fermentation, and distillation here all occur in the same 
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j 
tank; this type of distillery is therefore often called a "pot" boiler. - 
The unit is heated by a natural gas burner situated beneath each of the 
tanks. Cooling is accomplished by circulating water through copper 


coils that run around the inside of each tank. 
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During distillation the fermented beer is simply boiled, allowing 
an alcohol-water vapor to pass through a4 packed 4-inch column. The 
single distillation colum is jacketed by copper coils through which 
water is circulated at a rate sufficient to maintain the top of the 
colum at about 173°F, The flow rate is adjusted avtomatically by 2 
temperature sensitive valve, allowing for unsupervised operation. 

The distilled vapors are condensed in a second, shorter column. 
The flow of the condensing fluid is determined only by the water faucet, 
and therefore is not contalled by any feedback. | 

Direct energy inputs to the on-site conversion are natural ges for 
cooking and distillation, and electricity for operation of the agitator. 
The unit studied here hes ne pumps, and therefore electricity consumption 
is quite low. To reduce cooking time and energy, the hot condensing 
fluid is drained into one of the three tanks and revsed in the next 
batch, Currently there is no recovery of the heat in the mash remaining 
after distillation. 

After distillation is completed, the mash is filtered through a 
screen. This eliminates energy inputs for drying. but alsa leaves a 
very wet byproduct. - The feed output is therefore a wet version of 
DDG without solubles, dry weight of about 12 pounds per bushel of corn. 

Each batch processes 16 bushels of corn. In an observed run, 39 
gallons of 180 proof preduct were produced, for a yield of 2.19 gallons 
EtOH per bushel. Energy inputs for this run {see Appendix 1) were 2670 
cubic feet of natural gas and 4.8 kwh of electricity. For each gallon of - 
ethanol, these inputs are 76.1 cubic feet natural gas end 0.14 kwh electri- 
Clty. 

The byproduct is DDG without solubles. At the farm level, this justifies 
a credit of 60 percent of the price of corn, as shown in Appendix 2. 

The manufacturer's prospectus specifies use of liquefying and 
saccharifying enzymes per bushel of feedstock corn. Yeast is not specified 
in quantity, nor are accessory supplies such as lime. Labor is specified in 
such a way that more intensive operation will require preportionately more 
labor, | 

Capital costs of three tanks (fully equipped) and the distillation 


column is given as $18,500. Including the building (which in this case can be 


& 
quite simple) and the materials for plumbing and wiring connected with in- 


stallation, total capital cost can be approximated at $25,000, 
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Capacity of the distillery is advertised as 10,000 gallons of 
product a year. This is a lower bound. Assuming about 335 days of 
functioning, thus 335 batches, we obtain at least (39 x 335) 13,100 
gallons a year. If the cooking-to-fermentation cycle can be shortened 
to. 60 hours instead of 72, we would obtain 402 batches instead of 
335; presumably, distillation could be stretched, using long days some 
parts of the year, and with 2.5 gallons per bushel, which is more than 
obtained so far, total EtOH output would come to 15,700 gallons a year. 
An upper bound, under optimal conditions, would be about 15,000 gallons. 
Taking some farmers' thumb estimate that it takes 15 gallons of alcohol 
(180 proof) to farm an acre in corn or soybeans, the production range 
of 10,000 to 15,000 gallons of EtOH would supply a farm in the range of 
750 to 1100 acres of cropped acreage, or two-four smaller farms acting 
as a consortiun. 

Using these indications, and the cost data mentioned in the intro- 
duction and in appendixes 2 and 3, we may draw the following balance 
sheet, relating alternatively to 10,000 to 15,000 gallowns of EtOH out- 
put. 


Table 2-1. Dollar balances of single-farm distillery. Dollars and 
cents per gallon of EtOH. 
en For 10,000 For 15,000 


gallons gallons 

Feedstock: Corn at $3.20/bu, 

For 2.2, gas/ou, $1.45/gal less 

feed credit of 12 1b, DDG without 
solubles, @60% of the corn, = 87¢ 

Net feedstock cost oe 5aa/ 
Enzymes, yeast, chemicals, 60 ¢/bu Hee | 272! 
Natural gas..76.< incall ts 26332 ¢, 

“electricity, ©14°Kwh © 2.3¢ 225 225 
Labor, 600 - $00 hours @ $7.50 45 45 
Capital, $25,000, 8 years at 2% 

real interest, $3400/year 34 235 
Miscellaneous costs .06 . 06 
Total costs per gallon EtCh 95 1,84 
Sub-total: Total cost except labor Lou 1.39 


af In case higher capacity utilization means higher alcohol yield per 
bushel of feedstock, these items become somewhat lower. 


Note: Feedstock, materials and energy are treated as proportional 
to volume of output. 
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Assuming the output to be used on the farm where produced, no 
price of fuel alcohol is needed. Instead, we cite the price of dicsel 
fuel, which is at present about $1/galion, paid by farmers. (Agricultural 
Prices, USDA recent issues). Because of estimated fuel requirement of 
1% gal. ethanol per 1 gal diesel, the cost of ethanol now greatly exceeds 
that of diesel ‘fuel. Even without counting the farmers' own laber in 
this connection, the alcohol fuel from this Teer ae costs him approx- 
imately twice the current price of fuel. | 

If it bears out that ethyl alcohol in farm machines has its highest 
fuel value at 180 proof, then all cost figures in the above are reduced 
by one-tenth. 
3. A farm-consortium distillery: % million to 1 million gallons a year. 

The prototype studied in this category is modular, in units of % 
miilion gallons of annual capacity which can he built in entities of 
one to four mits. Two unit (and four unit) entities have an advantage 
because the anticipated labor requirement is the same for two units as 
for one. | 

For each unit, the “package equipment'' offered for sale at $272,100 
includes the following equipment: 


1 - 2,060 gallon cone bottom, black iron saccharification unit with 
hydraulic driven agitator and liquid pump. Mounted on hydraulic 
load cell scale with dial, Contains hydraulic and pneumatic 
valve system. Tank - 90" x 72". 


1 - 2,000 gallon stainless steel yeast tank. Air agitated with cone 
* (BOLTON WIN 2 exe Jaco 


15" stainless steel distillation columns and condenser w wi 
draulics and pneumatic valve yo kem mounted on mild steel 
Designed to produce 33 gallons of 190 proof alcohol per hour, 
5AM xX BON Ex L204, 
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1 - Air cooled 75 ton water cocling tower. 


1 fermenters. Covered, cone betton, 


4 - 7,600 gallon mild stee 
tated, equipped with cooling coils. 144" x BOG, 


hydraulically agit 


1 - 7,600 galion mild steel water storage tank. Insulated,with cone ; 
bottom. 144" x 168", 
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2,000 gallon mild steel storage tanks with fittings. UL approved. 
132'' @oc0ak: 


i - SWECO solids separator designed to reduce moisture level in by- 
product. 

1 - ph buffering system consisting of 1-96" x 192" tank with accessories, 
piping and, pump, 
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1 - 45 gallon per minute hydraulic system adequate to powe 
on fermenters and cocker, auger in corn, if needed, an 
pump. 


a 
main product 
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|, scanning temperature sensor capable of 32 
» and recorder to record same on pap 
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1 - Complete laboratory package consisting of: mash test 
test alcchel content; hydrometer; te; thermomet 
screen; hematocytomet a refractomete 


cylinders; and 4-bea 
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i - Complete plumbing package with all eliee valves and fittins 
LA 


to complete the assembly and installatio abil this plant. il primary 
valves on saccharification unit are pneumatic operated, also the 

fill and withdrawal on each fermenter Sy aiso pneumatic operated. ] 
Primary valves are remote controlled from the saccharification unit 


or the distillation cclums. 


For pauline and installation (including pipes, wiring, and 
plumbing and electricity work) , there applies an additional estimated 
$100,000 to be added to the package cost for two units; presumably, 
half applies =o the one unit (the estimate for building is se much per 
square foot}. Thus the total investment cost per unit come to $322,000. 

t € 


Cooker, yeast tank and distillation columns are 
Di; 


stainless steel, fermentation tanks as black iron or mild steel. Life- 
time of most of the equipment can be set at 10 years, but there would 


‘be considerable salvage value, especially in stainless ste 
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é1 componets 


for which lifetime is given as indefinite. Presumably, the unit could 


after 10 years be re~fitted with new tanks etc:, at less cost than the 
original investment. Lifetime of building is uncertain; nent aE 


would still be serviceable after 10 years. 
A unit ef this size typically has three columns: stripper 


rectifier, and condenser. The mash is pumped into the top of the 
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first column as steam is pumped in from the bottom to Mstrip'’ the 
alcohol from the beer. This water-alcohel mixture is then passed E 
into the rectifying c column and distilled there to a much higher , 
proof. Finally, the vapors are condensed in a water jacketed colum, 

Both cooking and fermenation are batch operations; the former in 
a small, heavily insulated cooker and the latter in one of four large 
fermentation tanks. Under normal operating conditions the fermentations 
are staggered so that the distillation columns can operate at a con- 
stant rate, 24 hours a day. 

In this operation, opportunities exist for energy savings through 
heat recovery. The distillery studied here includes heat exchangers 
on the condenser column and on water leaving the rectifying column. 
Fermented mash at 90°F was passed through these heat exchan 
preheated up to 150°F before entering the first columi. Additionai 
use of heat exchangers could be used to recover heat from the cooked 
mash when it is cooled for fermentation, as at the Schroder distillery 
in Colorado (Jantzen, and McKinnon, 1980). 

The residue after distillation is separated with a high-speed 
centrifuge. Solids are removed at about 60-659 moisture; liquids 
are separated and stored in a large, heavily insulated holding tank. 
A large portion of this water is recycled for cooking, reducing both 
water and energy demands. Buiid-up of salt, however, eventually limits 
the recycling and necessitates dumping a portion of the water. . 
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Energy inputs for this operation are propane as boiler fuel 
and electricity for motors and pumps. Measurements were made and 

normalized to one output "batch" of 595 gallons of EtOH ethanol . 

Assuming an input of 16,000 lbs. at normal moisture levels, this is 

a yieid of 2.08 gallons of EtOH per bushel. To convert this corn 

to alcohol, 107 gallons of propane were used for cooking, and 196 

gallons in the distillation process. In addition 923 kwh of electricity 

were required to operate the pumps and motors {details on the measurements | . 
are given in Appendix 1). Inputs are equal to 6.51 gallons propane 

(energy equivalent to 45 ft Vpatural gas) and 1.55 kwh electricity 


for each gallon of ethanol. 
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As a farm-consortium distillery, this entity may capture the 


trading margins in corn and feed residue, as indicated in Appendix 2. 


For most of the labor specified, the estimated salary level is 


in line with the Illinois farm business record assumption about the 


worth of a farm operator's self-employed iabor in 1980, or $7.50 per 


hour. Only the manager, and intermittent help from plumbe 
would come in higher wage classes 


From these indications, costs on of EtOH would 
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shown in the following table. 


Table 3 -1. Dollar balances of farm-consortium distillery. 
and cents per gailon of EtOH. 


Feedstock: Corn at $3.20/bu,.@ 2.1 gal/ 
$1.52/gal, less feed credit @ 69% of the 
: Os 


corn for (DBGS} $1.05, net feedstock cost. sa7 
Enzymes, yeast, chemicals LS 
Energy: Liquid petroleum (LP) gas, 

51 gal/gal EtOH @ 63¢/gal LP gas Me 
Electricity, 1.55 kwh/gal EtoH, 

@ 2.3¢/kwh iy 404 
Labor:46 manyears plus extras, @ $7.50/hour, 
at 2000 hours per man-year and 10 percent 
extra time. 40 
Capital: $322,000 at 10 years and 2% real 
rate of interest, $35,000/year, per unit 
of % galion annual capacity 14 
Miscellaneous costs -06 
Total cost per gallon EtOH 1.58 
Sub-totai: Total cost, less labor cost 1.18 


come as 
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As before, if machines use 14; gallon of 180 preof alcohol for each’ 


gallon of diesel fuel, ail costs are reduced by 10 percent for comparison 


with diesei fuel. 


s and electricians. 


4. A small industrial gasohol distillery: a> =1/2 ‘million to 10 


_million gallons 4 year. — 

The particular case studied here is an operating distillery of 
2-1/2 million gallons of ethanol annual capacity, designed by the 
ACR Process Corporation, Urbana, IL., and using the Chambers technique 
of producing a mixture of ethanol and gasoline {gasoline being a pro- 
cess input} with gasohol as the eventual output. The plant is modular - 
in the sense that up to four identical sets might be combined, bringing 
capacity as high as 10 million gallons a year. Some economies of 
scale might be obtained in this way, in the use of management and 
office overhead costs, possibly also in the use of the sewage treatment 
plant (which is one-tenth of the investment cost}; essentially such 
returns to scale will be a matter of higher profit because the owner- 
director's time (which is not budgeted)}can be stretched over. more ocut- 
put. 

The conversion processes used in this gasohncol plant are actually 
quite similar to thase at the farmer-consortium leyel. However, the 
scale of the operation justifies an improvement in the sophistication 
of certain components such as | 

1) <A computer control system to automatically regulate 


} 


most of the plant's. operation. 


2} Continuous cocking of the corn feedstocks. 
3} Better drying ef the residuals. 
; 4) Improvements in energy-savings technologies. 


Increases in efficiency also ne a Close interaction between 
different stages of the operation. Energy inputs for drying, for 
example, may also be inputs for distillation. Under steady state con- 
ditions, the plant is best treated as a black-box: a certain amount of 
feedstocks enter the plant, and a certain amount of products leave as 
output. Ideally, these measurements would be over a large enough period 
of time to simulate steady-state. In this study we could only make 
measurements over a short time period (about 28 hours), However, 
based on the constant production we are confident that our measurements 


closely approximate steady-state situations, 


ids 


Direct energy inputs for this operation are natural gas, for 
boilers and drying, and electricity for pumps and motors. We were 
unable to break down the quantities to learn, for example, the natural 
gas inputs for drying the DDG. 

Fermentation of the mash is, as in the smaller distilleries, a 
batch process.’ (One larger distillery we visited, but did not study, 
was planning on converting to continuous fermentation.} The beer is: 
then passed into a holding tank and from there through the distillation 
columns. An additional anhydrous column is required after the rectifier 
to remove ail but a small portion (0.05%) of the water. 

The residue.is collected at the rectifying column, and therefore 
is not contaminated by the gascline used in the anhydrous column. The 
residue is pumped through a Separator to remove much of the liquids. 


The solids from the separator are pressed te remoye more of the water, 


then augered into a gas-fired drier. Under normal circumstances, the 
liquids flow through an evaporator which converts them into a syrup. 


This syrup is poured onto the residue before it enters the drier, pro- 
ducing a byproduct known as distillers dried grains and selubles (DDGS). 
While we were at the plant, the evaporator was not operating. 
This will lower our measured energy inputs, although not by the amount 
necessary to run the evaporator separately. The evaporator is fueled 
by steam from the boiler, but this steam is then fed into the distill- 
ation columns. Shutting the evaporator simply diverts the steam directly 
to the columns. 

We were told that the net amount of extra gas needed to operate 
the dryer was on the order of 10,000 Btu per gallon, but we made no 
Measurements of this ourselves. Our calculations haye therefore assumed 


that the byproduct is distillers dried grains without solubles. 


[e) 


The alcohol distilled at this plant is very nearly anhydrous 


alcohol (water content was typically about 0.05% or less) but the actual 


rt 


product coming out of the column is a blend of alcohol and gasoline, 
(Typical ranges of alcchol/egasoline ratie were 5%-15% gasoline, 95% 
a 


85% alcohol.). Strictly speakin 
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then, the columns do not produce 


anhydrous aicohol or gaschol as normally defined (90% gasoline) but 


Lie 


rather an alcohol/gasoline blend. After distillation additional 
gasoline can be added to bring the gasoline content up to desired 
levers: 

During a steady operating period of 24 hours, energy inputs 
were 121,000 et? of natural gas and 8170 kwh of electricity, and 
corm input was 164,000 1b., or 2820 bushels. Output was 6785 gallons 
of EtOH for a yield of 2.32 gallons EtOH per bushel. The energy inputs 
per gallon of EtOH are 1,20 kwh electricity and 17,8 et of natural 
gas. 

In computing the costs, some items were related to mit of 
feedstock, others-to estimated annual plant capacity. The price of 
corn feedstock at $3.20 at the farm gate in November 1986, was 
augmented by 10% for marketing margin, to $3.52. At 2.3. gallons of 
er gallon. With 
cost of the 


EtOH per bushel, gross feedstack cost comes to $1.5 


2 
only DDG (Cand solubles discarded), and with a 35% of 
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corn, or 53¢ per gallon, leaving net feedstock cost a 
of EtCH. 


99¢ per gallon 


Cost of yeast, enzymes and chemicals were computed from technical 
data obtained from the plent. Energy expenses are those measured, as 
described above. 

Labor costs were calculated on the estimated 24 man-years, 2 of 
which in managerial ranks and the rest operatives, repair people, and 
office personnel. Wages for the 22 workers were computed from the 
earnings in industries labeled "Miscellaneous chemical products" 

{Bureau of Labor Statistics, Employment and Earnings, Vol, 27, No 9, 
1980}, raised by 33% which is the typical proportion between earnings 

and wages according to cther Bureau of Labor Statistics data, For the 
two PRRa ae persons, salaries were computed frem 1977 data (Handbook 
of Labor Statistics 1978, Table 99), for Chief Accountant and Director of 
Personnel, lowest category for 1977, raised to 1980 levels by the index 
of wages and earnings in the meantime 

Depreciation of captial is complicated because of varying life 
spans of investment items, Mild steel tanks are supposed to last only 


seven years; the colunn, and some other items made of stainless steel, 
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will last at least three times as long. The planned sewage 
treatment plant (one-tenth of the 5 million dollars}. must also have 
a long life span. Had it been possible to estimate the cost of rer 
fitting the factory with a new set of the short-lived items, we could 
have figured two future re-fittings, giving the plant a 21 year Li 
span, with a higher total investment cost. Detail is lacking, however, 
and instead we assume that one round of re-fitting will be well with- 
in the value margin of the long-lived items (their salvage value after 
14 years is assumed to exceed the cost of the second set of mild-steel 
tanks etc.}). Accordingly, the $5 million were depreciated over 14 
years, which shouid still leave substantial, but unspecifiable, salvage 
value over and above the cost of one eee. - meaning that the 
$5 million more than covers the net capital cost for 14 years of 
cperation. 

Results are shown in Table 4-1. 


Table 4-1. Dollar balance of smali industrial gasohol plant. Dollars 
‘and ¢ cents per gallon of EtOH, 


For 2.5 million 


gallons 
Feedstock: Corn at $3.52 per bushel; at 
2.3 gallons EtOH per bushel, or $1,53 per 
gallon of EtOH; less feed credit, 35% or 54¢ 
per gallon, thus net feedstock cost ee, 
Enzymes, yeast, chemicals erate! 
Energy: Natural gas, 17.8 cu. ft./gal 
@ woeay Cue Bsa 06 
Blectricity, T.2 kwh 8 2.3¢ aa 
Labor, 2 x 2 managers and 22 workers at 
wages in chemical industry ee 
Captial: $5 million, over 14 years at 2% 
real rate of interest, $450,00/year 18 
Miscellaneous costs ,06- 


Total cost per galion of EtOH dae 


14, 
Unlike the small plants, it has no meaning here to compute costs 
net of labor cost. The director's time is not acceunted for as ne is 
a risk taker and expects profits rather than a salary; he would stand 


to gain considerably from adding more modules fup to 4). 


we 


5, Comparative Energy Balances 


Energy analysis is controversial, and rejected by many economists. 
These claim that prices wiil adequately reflect energy realities. 
However, since ethanol/gaschol already receives significant incentives 
the market has already been tampered with. Therefore, even if one 


a 


believes that a free market will transmit the energetic realities through 


“t 


prices, it should not be expected here. In addition, there is an inter- 
action between the net energy question and the effective ancentive to a 
subsidized energy supply technology, Being close to the net energy limit 
(when “energy in equals energy out ') can multiply the subsidy per unit 
actually delivered to the rest of the economy. Further, ae oF 
requirements allows estimation of sensitivity to energy price -changes. 

We already know (Chambers, et.al. 1979) in some detail the general- 
ized ethanol-from-grain energy picture, which is roughly as follows. To 


produce one gallon of ethanol from corn requires : 


“| 


5 


Agricultural input 50-70 x 10" Btu 
Process energy in distillation 40-80 x 10" Btu ( includes 


back linkage); 


Capital equipment 5-10 x 10° Btu! 
| Semen ee 
95~160 x 10° Btu 


In this work we are interested in process energy and how it 
varies fromdesign to design for ethanol/gasohol operations. The figure 


of 40 kBtu/gal is claimed for ACR process, [Chambers, et. al., 1979] which 


produces gasohol, and that of 80 is from some of the older ethanol operations 
which were originaily beverage ethanol producing. The ACR figure of 40 


kBtu/gal is about the lowest [for a dried grain Pik de aN Ana 

The enthalpy of combustion of 1 gallon of EtQH is ahout 80 x Age Btu. 
When output is corrected for energy credits for feed byproduct ‘and for 
Miles-per-galion relative to pure gasoline, it compares well with energy 


inputs near the low end of the range aueted [v.95 kBtul, [Chambers et.al. 


» 


1979]. If the energy balance is done in terms of only liquid fuel, 
or inputs substitutible for them, the energy inputs are significantly 
less than for total energy. In any case, the process energy is of 
order 1/2 of the total and hence significant. 

Because most energy information was either empirical but based 
on old, beverage-oriented technology, or theoretical, we wanted to 
obtain current empirical data on process energies. Based on the way 


the market was evolving and also on claims of, e.g., ACR, we aimed to 


Table 5-1 lists in more detail the attributes of these. 

An implicit question in the choice of sizes is whether there are 
energy economies of scale in EtOH H production, as One Might suspect on 
engineering. and economic grounds. Also, from a total energy standpoint, 
we are sensitive to the possibility that an apparent economy oF scale 
for direct energy might be cancelled by a dise conomy of indirect energy. 

ae . 


A brief discussion of the data-taking at the three o 


A. SMALL, SINGLE FARM OPERATION (39 gal. of 180 prooi OH/day) 
We took data during two day-long runs in May and June, 1980, on a unit 


now in production for commercial sale. The unit we measured was in place 


at the manufacturer's plant. We had seen it in February when it was 


obviously net running well, but by May significant improvements had been 
made and (for distillation) it ran without attention. 

Natural gas measurements were made from an in-house meter. We 
measured electrical consumption with our own watt-hour meter. Both proof 


and alcohol production measurements were also made by us during operation. 
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The results are: 


Per gallon of Etonic ‘Natural ‘al Gas ( ft”) Electriaty 
Cooking 8.0 + 4% 0.020 + 2% 
Distilling 68.1 + 5% 0,12° + 2% 


” 


5% gal EtOH/bu 


Yield on ie, 
For details on uncertainty estimates, see Appendix 4, 


B. FARMER CONSORTIUM OPERATION (625 gal of 190 0 proof EtQH/day 


= 


We took data over a three day period on a comercially available unit. A few 


peda 


adjustments were necessary in our analysis to account for some output we 


felt was not incicative of normal operating conditions. ee particular 
‘P 


3 ° 


meter. Electricity was measured with a utility owned watt-hour meter.- 


th 
The quantity of alcohol produced was measured from twe SPs ERES meters. 


2 


Proof readings were made at regular intervals by the operator. Yield 


EI 


calculations are based on the corn distilled while we were at the plants; 


a 


. 2 


the operators. supplied us with the data on corn input. 


Per gallon of EtOH ropane (gal) __ Electricity (kW: 
Cooking 0,18 2 8% 1.6 + 4% 
Distilling 0433) 52°6% } 

¥ield eo to 7 soo eee? bu 


The largest scale operation studied here is a gasohol plant producing 


iy, 


2.5 million gallons of anhydrous alcoho] per year. {The actuai preduct 
leaving the columns is a mixture ef alcohol and gasoline). If all of 
this product were blended at the plant at at 90% gasoline/10% alcchol 
ratio, this would represent a capacity of 25 million gallons of gasohoi 
per year. 

Data were ¢ollected during a two-day period of steady and good 
operating conditions. Natural gas inputs for the boilers and drier 
were mearsured from 2 utility meter on the gas line supplying the plant. 
Electrical inputs were also measured directly from a utility meter. We 
relied on the operator's measurements for quantity of alcohol actually 
produced (measured as total output for eight hour intervals). Yield 
calculations are based on the corn cooked while we were eat the plant; 
the operators later supplied the data on output from these cooks. The 
results are 


Per gallon of EtOH 


By SN ms 
Natural gas (it 3} Blectricdity 
Cooking 
17.8 + 9% ee oe eo 
Distilling 
Yield 2.32 + 5% gal EtOH/bu 


5-1 shows the direct energy inputs, with the 


Natural Gas 1035 Btu/ft” x.(1.10)* = 1139 Btu/ft 
Propane 91600 Btu/gal x €1,20)* = 109920 Btu/gal 
Electricity 3413 Btu/kwh x (3.79)* = 12935 Btu/kwh 


f energy and reflect 


O 


The facters in parentheses are the energy cost 
£ &. 

power plant efficiency, refinery losses, and other material and handling 

costs which require energy themselves. 


Source: [Herendeen and Bullard, 1974]. 
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Fig. 5-1, which plots energy/gal vs. gal/yr, points to an 
economy of size, since the direct energy cost per galion of EtOH has 
more than halved with a 17-fold increase of production capacity. 

Before promoting those results, however, we must varify that 
indirect energy effects (besides the energy cost of energy, which we 
have already ¢ considered) do not change the basic conclusion from Fig. ond. 
As indicated at the beginning of this section, the agricultural inputs 
are rather large, while the energy to produce capital inputs to the 
pliant seem rather mincr. But we must check to be sure. 

To evaluate indirect energy requirements, we turn to the economic 
data. As in previous work, we assume that the energy cost of labor is 
zere, 

A word on discounting and depreciating: while there is now some 
limited support for introducing time discounting into energy analysis 
we refrain from doing so here. We will use an undiscounted, straight 


line depreciation scheme in which 


capital energy requirements _ Capital co cost conyerted to energy u units 


gallon __ number of gallons produced in 
operation's Lifetime 


We can work directly from the economic data in Sections 2,3, and 4, by 
noting that the undiscounted straight-line depreciated cost per gallon 


is related to the ‘discounted} capital recovery payments as follows: 


Undiscounted cost ¢ gallon = 1 /r (l+rj 
Discounted cost per Svesnee Ny Ce aN 
‘Adery > -1 


I ET AE ET AE A I AN IT OE a IN PR A TO AE AS RANI Ot CEASA et HEE Sere ERR RE iN a eA PW CN A ARR ra 


% 


Size may not be the only factor. But this is an empirical study. If 
bigger plants do better, pragmatically speaking it isn't relevant for 


us whether that is due to better technology or “pure” size effects. 


* 
Be 


this ratio is 


N (years) 


gS 


For r = 2%, 


§ 
10 
14 


Using this ratio and the data from Ses 


. that the undis 
Singie-farm operation 
Farm 
Gasohol cperation 

The corresponding energy 


times the energy inte ieee 


gregated energy intensities. To 
we use those from Ee Chart, 1 
160% 


37 x 10° Btu/$ 980 }.* 


Single farm operation 8-13 


Farm consortium operation S 


intlation from 1967 to 1980. This 


9.9427 


O15? 
0.8983 


ana 4, 


ra 


EtOH 


ee then usin ig 


we find 


31/gal EtOH (8 years ) 


Gi@ years } 


(14 years ) 


ying these figures 


' Gasohol operation 6 x 10° Btu/gal EtOH 
These energies are small, but not negligible, compared with these 
in Fig. 5-1. But note that their {possible} inequality will only 


enhance the inequality in 


Energy intens 
Sonstriction, (0 x 10 ; 


machine shop products, 


e farm-size operation has 


ee 


all in Btu/$ (196 


ng equipment, 9G x 
ght 


the 


7}; New 


1076 
<7 


ed average is 74 x 16 


aQ, 


The same question must be asked ahout enzymes, yeast, ¢tc., which 
are potentially energy intensive materials. The per gallon cost is 
$0.27 for the farm-size operation, $0.15 for the consortium size, and 
$0.16 for the larger gasohol operation. Once again, the farm size 
uses more than the others. 

Estimating the energy intensity of enzymes, etc. is difficult,” 


From the [Wall Chart, 19751 we have these intensities 


Gs 


Chemicals 245 Btu/$ | (1967) 

Drugs & Toilet preparations 65 x 10° Bt u/$ (1967) 

Even from a more disaggregated source [Bullard and Herendeen, 1974] 
there is a wide range. It is not likely that the intensity is at the 
high end of the range since that presumably reflects industrial inorganic 
chemicals. We therefore choose 150 x 10° Btu/$ (1967}, which we correct 


3 we Breas : 
to 75 x 10° Btu/$(1980}. This yields energies 


Single farm operation 20 x 10” Btu/ gail, 
: ss ores 
Farm consortium . Ue ee Cee 
: * f 
Gasohol operation 12 x 10° Btu gal, 


< 


Other sources of unequal indirect ene rgies include different yields 
(gallon/bu} iMplying different detieultural energies per gallon, and the 
fact thet the larger operation by necessity must pay 2 higher (retail) 
price for cornand receive a lower ("wholesale’) price for distillers 
grain poe chk The latter two are a result of distance from grower 
to the operation, and both imply transportation energy consequences. 

In addition, the first two interact because changed yield implies 
changed cern requirement per gallon. 


To illustrate the interaction, consider two ethanol operations: 


ee ne ne 


i en a nt ee 


The inclusion of $0.06 miscellaneous for all operations will have no 


effect on ordering, 
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1: pays price p, ($/bu} for corn 
has yield y (gallons EtOi!l/bu) 
A 


2: pays price P, * AP, 
has yield y + ay 
We will later assume that APs is all for transportation and/or trade 


margins, 


Define nF = grain price per gailon, 


Ph + APp 


Bp = mee 
ge Yi 40a) 
D 
Py = 
gl sé 
Tob A 
AP, = Po 4 Poy 5 Fh Seay 
. yeteny ‘4 
_ (op, jy - Gy)p, 
y(y tay) 
/ Kp Dp 
SB OAT ah eit 
Py a wy, 
AP bss erp a ome (5-1) 
g “ 
paras 
x 
AP, , 
AP, reduces te SEIS wiped Oar 0, as expected. 
AP, 
a Me = 4 he 7 5 
Here (€f Tables. 2-1, 3-1, and 4-D., ee 0.19 and 
ih 
AV 
eee Ou Oy 
A 
so that the effect of the yield change is as significant as that of the 


increased grain price, 


as 


aly eae os 
f 2 


- 


Further, speaking of indirect energy per gallon, 


A 
FOS 


‘ 
eee 


Ht at: ; = fe 
t’ ¥tyr Ay) b 


ons 


where Ey is the energy intensity of transportation (Btu/$} 


€, is the energy intensity of agricultural production (Btu/bu) . 


b 


From Tables 2-1, 3-1, 4-1, we haye these data: considering the 


2,3 gal/bu) 


i 


a 


gasohol operation as the base case [{ Pisie $3,.52/bu, y 


Farmer consortium Ap, = *_0,32/bu 

Ay = -0.2 gai/bu 
Single farm Py $0. 32/bu 

y = -O.1 gal/bu 


which yields 


i‘ re / a Ay if 

Ap, (/gal) Fy + ty) Ow 28) 
Farmer consortium ~0, 0056 | +0.0414 
Single farm -O.0759 +9 ,0197 


Therefore, relative to. thé gaschol operation, the energy requirements 
for both the farmers consortium and single farm operation are reduced 
because of lower grain price and increased because of poorer fermentation 
viet 

The energy intensity of wholesale and retail trade is estimated to 
be 18000 Btu/$(1980); while the corresponding figuresfor rail and truck 
transport are 39000 and 23000. The appropriate intensity is probably 
igh end of this range; we assume it to be 30 thousand Btu/$, 

é. = 180 thousand Btu/bu [Chambers, et al, 1979] 
which gives (in 10° Btu/gallon Etolp) 


Farmer consortium Singie farm 


PO ert sat a me re fhe eet RE 


AE +7 +] 


The farmer consortium requircs more energy than the gascho 


ios 
ia) 
ss a 
Q 
4 
os 
‘s 
Oo 


due ito the effect of reduced yield. The single farm operation uses only 
Slightly more because the yield reduction is almost overcome by the effect 
of lower grain price. But given the obyious sensitivity to the yield 
and the fact that it apparently can easily vary by 10%, the whole 
effect is probably washed out by experimental uncertainty. 

So far we have covered the effect of grain price and fermentatio 
yield. To account for the different price received for dried 


E 
we note from Section 4 that the gaschol operation is prevented from 


a long distance to the consumer. 
not collected should be added ta the indirect energy file ae of the 
gasohol plant. This markup is assumed to be 35% of wholesale or 
$0.53 x 0.35 = $0.19 per gailon of EtOH. Again using an intensity 
¢ % > ie ¢ z Ls 
of 30 x 10° Btu/${1980}, we obtain an energy consequence of 
3 
6 x 10° Btu/gal. 
The consequences of ali these potential indirect energy differences 
are summarized in Table 5-2. The differences in general are relatively 


small{at most & x 10° Btu/gal}) compared with the di 


rh 
ty 
o 
co 
0 
= 
o 
in 


energy. But additionally, there is some cancellation of the dif 
For example, compared with the gasohol operation, the single farm 
operation has a higher energy requirement for enzymes, etc. (because it 
apparently uses more), but a lower energy requirement associated with 
the sale of its dried grains. When all differences are summed, the total 
‘ a pee ee Peo 2 
difference is small .{7 x 10° Btu/gal} and indicates more encrgy for the 
single farm operation, 


Therefore the effect of all the anticipated differences in indirect 
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TABLE 5-2, 


Estimated differences in indirect energy for the different size 


operations. In each case the gasohol operation is taken as the base case, 


2) 3 ram 
' Change in energy (10° Btu per gallon Eto: 
Cause Farmer Consortium Single Farm _ 


Difference in capital 
expenditures -i +4 


Difference in cost of 
enzymes, yeast, etc. -] +8 


Difference in price paid 
for grain and difference 
in fermentation yield +7 . +i 


Difference: in price 


obtained for dried grains | ~& -6 
SUM OF DIFFERENCES =I +7 


» 
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energy will not change the conclusions ahout energy use based on direct 
energy only. . 

In Fig. 5-1, we include the result for the Schroder plant in Cuupo, 
Colorado (Jantzen and McKinnon, 1980). . This plant is comparable to 
the farm-consortium sized plant we have studied, but appears to use 
54% less direct energy per gallon. The alleged reason for this is better 
heat recovery; at this point we cannot verify this explanation. A recent 
personal communication with one of the authors [Thomas McKinnon, 19 
November 1980], indicates that the researchers support these results and 
see no reason to rum the experiment again on the suspicion of bad data, 

It is also fair to point out that the plant we studied was operated 
by inexperienced personnel; because of expansion and sales the more | 
experienced workers were at other installations, Operation by experienced 
people is expected to reduce energy requirements, but we have no 
estimate of how much. 

6. Comparative doliar balances. 

Comparsion of dollar costs reveals moderate differences in the total 
cost per gallon of EtOH produced. There are more interesting differences 
in the details. Table 6-1 summarizes the results shown in Tables 2~1, 
3~1 and 4-1. 

Table 6-1: Cost per galions of EtOH, three plants, each at its lowest 


capacity. Dollars and cents per gallon. 


Single-farm plant, Farm-consortium Industri 


10,000 gallons plant, % million plant, 2 
gallons gallons 
Net feedstock cost Lon 47 | 99 
Enzymes, etc. see Ls ag 
Fuel and electricity Ass 238 -09 
Labor 24D -40 i2e 
Capital . 54 414 718 
Miscellaneous 06 06 06 
Total cost 1.95 1.58 Lag 
Sub-total, cost excl, 
labor cost 1.50 1.18 {Not rele 
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The differences between total dollar costs are easily below the 
variations in management success that can be expected, not to mention un- 
certainties in the computations themselves. Note that the farm-consortium 
plant has higher cost of fuel than the others because it uses propane. At 
63¢ a gallon (October 1980) propane costs 57¢ per 160,000 Btu, while natura 
gas at.32¢ per cubic foot comes to 36 cents per 100,006. Btu, With natural 
gas, the farm-consortium plant would show a cost per gallon of EtOH 14¢ 
lower than in tables (3-1 and 6-1). 

The subtotals. for cost minus labor in the farm-level distilleries 
are not meant to suggest that farmers are prepared te work for zero wage. 
Rather, they express the latitude of acceptable loss, given that the farmer 
labor bill is not a cash charge. In practice, farmers are known to work 
on their own account with lLabor-income expectations Varying according to 
season and type of work. Thus, their accepted cost will often be less 
than total cost, but usually more than the sub-total excluding labor. 

The cost figures have in any event different meaning for indust- 
rial plants and farm-level plants. On the face of it, none of them is 
competitive with cither gascline or diesel fuel at current prices, 

As a practical matter, the gasohol factory may very well make a profit, 
even without having recourse to exceptionally good buys on some of its 
inputs. This could be the resuit, directly, of the tax incentives now 
in effect on gasohol, and other public support (the State of Illinois 
‘has mandated use of gaschol in its vehicles}. The rationale for such 
public incentive and support seems to be mainly in saving foreign 
exchange {import substitution}. There is also a variant of the infant- 
industry argument: current alcohol development may he necessary as a 
precursor to more economic biomass fuels industry later... Another, more 
solid rationale may be in the still controversial question of fuel 
efficiency. To settie this, we need more road tests, and also more 
precise data on the octane effect and how it may be affect refinery 
eperation (using less heat to finish. gasoline at lower octane value}. 

The farm-level distilleries do net. aim at the gaschol market, 
nor could they, in general, given the proof (alcohol percentage) of their 


preduct. To enter the gasohol market, they would have to seli through 


an 


large commercial distilleries at a discount for the water content of 
their product. Rather, the farm-level distilleries aim at supplying 
the farms themselves with propulsion fuel for farm machines and trucks, 
replacing diesel fuel with 180 proof alcohol ~ or, sometimes, combining 
aiternate use of 100.proof alcohol with diesel fuel in the “aquahol” 
application of a diesel engine. In such use, ethyl alcohol is not 

now competitive with diesel fuel on the basis of price alone, nor is it 
likely to be so in the near future, The advantage to farmers, real or 
merely perceived, is twofold: security of supply against interruptions, 
and eventual market power (price support) whenever sufficiently many 
farmers build and operate distilleries to have an effect on the grain 
markets. Distilleries need not remove very many percent of the grain 
supply before this leads to upward pressure on grain prices. - the generally 


low price elasticity of demand for food assures us of that. 


7. Summary and outlook. 

Energy balance canesout best in the gasohol (ACR) plant and worst 
in the smallest farm-level distillery. Including indirect energy in capita 
goods, materials and the trade margins fon feedstock grain and feed residue 
changes these conclusions but slightly. | 

Because we lack data from large plants using conventional distilla 
technology, we are unable to say how far the gasohol: plant's superior 
energy balance depends on size of the plant and how much on the ACR 
technology. The advantage of the larger over the smaller farm-level 
plant's points in any event to some economy of size, through less heat 
loss from the surfaces of tanks, and other features of better heat. re~ 
covery. The point about comparing ACR technology with other technology 
need not be explored in the present inquiry, because it appears that 
the ACR technology is not applicable to smali plants. 

This comparison of energy balance in three plants is based on the 
use, in all three plants, of high-grade fuels. The outlock on energy 
efficiency may change considerably if and when the various plants switch 


to other fuels. The gasohol plant may switch to cgal which may he ¢ 


yt 
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y 
than gas but likely to bring higher operational and maintenance costs 
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The small, farm-level plants also have options of local fuels which are 
not available to a large plant, or are available to it only at higher 
cost: stover, scrub wood, and methane from anaerobic digestion (of 
Manure, crop refuse, or distillery residue in case of silage feedstock), 
In such combinations, small-scale plants may come to compare favorably 
with the Large ones in terms of draining on fuels which are scarce in the 
national economy. 

The near equality in cost of production between the smaller and 
larger plants is not all that can be discussed. Smaller plants are more 
flexible, not only in their labor regime and the use of local fuels, 
There may also emerge an interesting difference in relation to the grain 
market Large plants, because they are less flexible and more likely 
to try to operate at full capacity, are aiso more likely to have an 
adverse effect on grain markets: by claiming a more or less constant 
Share in the graincrop, they would increase the yariability of supply 
for normal uses, which would be left with the whele of variation due 
to weather. Small plants, operated by farmers, can easier respond to 
higher grain prices by varying their cperetion. High grain prices are 
the farmers’ profit anyway, so a loss on alcohol distillery account 
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may be offset by higher profits on grain. After alcchol distilleries 
have grown te some sizeable volume (if that ever happens), one ef the 
effects will be to affect the price of grain - upward. This effect 
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ants could be in some way self defeating, while the 
farm level plants can not jose. To the extent farm-consortium size 
plants are bought by non-farm groups, their retaining of the farm-level 
advantages will depend on how close ties they maintain with lecal farmers 
both as suppliers of grain feedstock and as buyers o 
Eventual switch to other starchy feedstocks, such 3s silage, 
will also be more feasible on farm-level plant How transportation . 
sensitive the large plant is, came ferth in the higher net feedstock 


cost even when the feedstockis grain, to the point of balancing the 
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advantages of size in capital, energy, an g 
gut to be a desirable substitute for grain, is of course even more 


transportetion sensitive, as are local fuels such as stover. 


APPENDIX 1 
MEASUREMENT OF ENERGY INPUTS 


This appendix will describe the processes used to measure energy 
inputs for the three distilleries. We will note any irregulatiries 
or special circumstances that may lead to misleading interpretations 


Finally, a brief discussion will be given on the magnitude of errors. 


Concern about energy inputs to alcohol distilleries is a recent 


development, and coincides with the increasing interest in the potential 
of alcohol as a liquid fuel. The technologies for energy efficient 
distillation are -new and often just one step abave the experimental 
level. The major concern of the operators of the distilleries we 
visited was simply getting their units operating properly. Complete 


optimization of energy inputs cannot and should not be expected until 


the distilleries are satisfied they are consistently praducing a seood 


product. For example, one distillery had the potential to reduce 
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energy at the cooking stage, but this decrease in energy consumption 
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came at the cost increase operation. Understandably, 


there was little interest in complicating the operation until all of 


y inputs therefore 


its problems. are solved. These figures for ener 
may not be the lowest achievable, but do represent the current state 


cf technology. 


A. FARM-LEVEL PISTILLERY 


The production processes of a farm-level distillery are simple 
enough that they can be directly observed and measured. Cooking, 


fermentation and distillation are all batch operations, and there is 
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little confusion allocating energy inputs te different portions of the 


production. Our measurements on the farm-sized distillery were 
made during two separate visits, encompassing a full cycle for one 
batch* During the first day, fermented beer from a tay ial baten 
Was aikeniteee In the process, water was preheated in the condensing 
column and fed into a second tank. After distillation was complete, 
16 bushels of ground corn were poured into the second tank, and cooking 
was begun. We did not measure the corn input ourselves, but we are 
onfident it ee an urate with +5% 

Natural gas burners are used to supply energy for cooking and 
distillation. The quantity of natural gas used was measured directly 
from a Singer AL~-175 meter installed on site, We were unable to personally 
calibrate this meter, though manufacturer tolerances are typically on the 
order of +1/4% for a properly operating meter under constant climate 
conditions. Temperatur @ variations, and tiereroee volume variations, 
can be expected to produce the largest error margins. Meters are typically 


calibrated at 60°F; our measurements were made at an air temperature of 


%y 4 e fs FT ded 7 
about 80°F (though, admittedly, we don't know if the gas was also at 


this temperature). These temperature fluctuations could ee ges an 
error of about 4% 


Consumption of electricity was measured with our own watt-hour 
meter. According to our calibration this meter is accurate to within 


The meter was placed in series with the agitator motor, and 


remained there for the distillation process. The motor consumed 


od 


SR ae ee emi eta eee 


Ne Se nr nee ae en etre en Te at emma 


*We took distillation data for two batches. Since one batch was in an 
uninsulated tank, and the other in an insulated one, we use cooking and 
distillation data for the insulated one eniy. The insulation consisted 
of 3-1/2" fiberglass applied rather casually, but the distillation energy 
for the insulated tunk was bout 6% lower. 
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electricity at a constant rate (measured in kWh/hr}). Although we 


did not have the meter installed during cooking, we can dete rmine the 
electrical demand from the operating time for the motor during the 
period. We did not measure the energy input to run the motor 
during fermentation. (Whenever the heat from iPradabation exceeds a 
certain level, cold water is fed through cooling coils and the agitator 
is turned on.) However, this comprises only a small portion of the 
fermentation time, and running time of the motor is very small in 
comparison with cooking and distillation times, We also did not measure 
electrical inputs for lighting (one bulb) or the control panel, considering 
both to be very small. 
Cooking inputs for 16 bushels of corn was measured te be 280 cubic 
feet of natural gas. The motor was in operation for 2.5 hour’ ; based 
on a measured consumption rate of 0.28 kWh/hr, this is an electrical 
consumption of 0.7 kWh for cooking. 
Four days later we returmed to measure energy inputs for distillation. 


(The plant was closed on Sunday, the third day, so we had to wait an 


additional day}. Heating of the beer was begun at 5:30 A.M., and it 
took about 4-3/4 hours before product began to be distilled. Energy 


requirements for this startup was 800 cubie feet natural gas and 
1.5 KML electricity 
Gutput was measured on a gallon-by~gallon basis with a calibrated 
gallon container. The proof of each gallon was measured, as well as the 
time it took for distillation, Electricity and pas consumption rates 
were noted throughout the distillation process, and were foun ta be 
relatively constant. {In particular, electricity consumption was 
steady and led to demand during distillation of 2.9 kWh in a 10.3 hours 
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-inputs for distillation equal the average inputs from the "fixed factors, 


an 
150,000 BTU for the final gallon. 


However, these graphs show oniy distillation energy inputs, and 
therefore do not include the direct energy requirements for cooking. 
Before any distillation can begin, a considerable input is required to 
cook the mash (prior to fermentation) and, after fermentation, to preheat 
1 


the mash to boiling. This energy can be considered a “fixed'' input 


o 


which must be divided among the sutput. As more gallons are distilled, 
the average input per galion due to this fixed share decreases. 

The total energy inputs therefore consist of two factors: 
1} a "fixed" input, whese magnitude is inversely proportional to the 
number of galions produced, and 2) a “marginal inout, whose magnitude 
‘oduced. Figure Al-<-3 shows 
the interaction of these factors. rhe curves represent cumulative 
averages; for example, at the end of 20 gallons the average fixed energy 
embodied in the Aan is 62,500 BTU/gallon, the average “marginal” 


energy (from only distillation} is 32,500 BTU/gailon, and the net average 


energy input is 95,000 BTU/gallon. At 30 gallons production the average 
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average fixed inputs. Total average energy input per galian, therefore, 
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B. CONSORTIUM-SEZED DISTELLERY 
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The consortium-sized distillery represents a facility whose scale 


of output is approximately 1/4 million to 1 million gallons product per 


year, The unit would be expected to run 24 hours a day, producing alcohol 


at a maximum of about 199 proof. The distillery we studied used 
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Propane inputs were measured with an on-site 
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gas meter and a Sangamon electric meter. Goth of these were cvned by 
the utility, andmeasured energy to the entire plant {including offices 
Natural gas was consumed in two boilers that supply sicam for the 
plant, and also in a seperate burner used for drying the by-product. 
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Appendix 2 Coproduct credits. 

The substantial feed byproduct from ethanol distilleries using grain 
as feedstock necessitates discussion of three related issues: conventianal 
market valuc of BDG { distillers’ dried grains"); the feed value of the 
coproducts; and the energy credit for the coproduct, based on energy used 
to produce the nearest substitute, which is soybean meal. 
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